
NASA TN D-427 

TECHNICAL NOTE 
0-427 

STUDY O F  EFFECT O F  A NON-NEWTONIAN OIL ON 

FRJ[CTION AND ECCENTRlCJTY RATIO O F  

A PLAIN JOURNAL BEARING 

ByG.  B. DuBois, F. W. Ocvirk, andR. L. Wehe 

Cornell University 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON May 1960 

N89-7C491 

Ucclar 



C 

NATIONAL AERONAVTICS AND SPACE AllMINISTRATION 

W 
1 
4 
0 

TECHNICAL NOTE D-427 

STUDY OF EFFECT OF A NON-NEWTONIAN OIL ON 

FRICTION AND ECCENTRICITY RATIO OF 

A PLAIN JOURNAL BEARING 

By G. B. DuBois, F. W. Ocvirk, and R. L. Wehe 

SUMMARY 

The present repor t  describes an experimental and a n a l y t i c a l  inves- 
t i g a t i o n  of t he  hydrodynamic e f f ec t s  of l ub r i ca t ion  on f r i c t i o n  and 
load capaci ty  of a p l a i n  journal  bearing using a non-Newtonian o i l  i n  
which t h e  v i scos i ty  va r i e s  nonlinearly w i t h  shear rate as wel l  as with 
temperature. Very high shear r a t e s  occur i n  a loaded bearing and f o r  
a non-Newtonian o i l  r e s u l t  i n  a marked reduct ion i i i  visczlsity azd bearing 
f r i c t i o n .  
obtain with s u f f i c i e n t  accuracy e i the r  experimentally, because of t h e  
minute changes i n  e c c e n t r i c i t y  at high loads,  o r  ana ly t i ca l ly ,  because 
t h e  nonlinear v i scos i ty  a f f e c t s  fundamental concepts which requi re  
approximation. The experimental e f f e c t s  shown are of the  same order 
of magnitude as the  normal spread o f t h e  da ta  and are not i n  agreement 
w i t h  t h e  a n a l y t i c a l  work; however, when compared at high r o t a t i v e  speeds, 
t h e  experimental da ta  appear t o  indicate  an advantage f o r  the  non-Newtonian 
o i l  e i t h e r  i n  f r i c t i o n  o r  load capacity, depending on the  v i scos i ty  chosen 
f o r  comparison. This repor t  i s  presented t o  b r ing  out t h e  complexities 
encountered i n  an attempt t o  understand the  behavior of a non-Newtonian 
o i l  i n  a p la in  bearing and t o  indicate t h e  need of confirmation from 
other  sources before t h e  experimental ind ica t ion  i s  accepted as t rue .  

Evaluation of t h e  e f f ec t  on load  capaci ty  i s  d i f f i c u l t  t o  

INTRODUCTION 

Lubricating o i l s  with c e r t a i n  addi t ives  may be classed as non- 
Newtonian when t h e i r  v i scos i ty  var ies  w i t h  shear rate as wel l  as with 
temperature, i n  cont ras t  with petroleum o i l s  which a r e  normally Newtonian 
i n  t h a t  the  v i s c o s i t y  i s  independent of shear rate a t  a given temperature. 
A s  shown i n  f igu res  l ( a )  and l(b), a non-Newtonian f l u i d  designated as 
ASTM 104 shows a reduction of v i scos i ty  of t he  order  of 40 percent a t  
high shear r a t e s .  
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The use  of a non-Newtonian o i l  i n  which t h e  v i s c o s i t y  v a r i e s  non- 
l i nea r ly  with shear r a t e  introduces many fundamental complexities i n  K 

hydrodynamic performance. The shear rate i n  a journal  bear ing v a r i e s  
from point t o  point  i n  the  o i l  f i lm  and i s  a vector  sum of a component 
due t o  r o t a t i o n a l  ve loc i ty  divided by film thickness  p lus  a component 
due t o  t h e  slope of a curved ve loc i ty  p r o f i l e  which depends on t h e  
pressure gradient  i n  t h e  streamline d i r ec t ion .  
t h e  v iscos i ty  i s  independent of these  var iab les  and i s  assumed constant 
at  a given temperature, but  w i t h  a non-Newtonian o i l  t he  v i s c o s i t y  
becomes var iab le  from point  t o  point  i n  t h e  o i l  f i lm. 
t h e  loca l  v i scos i ty  i f  t h e  l o c a l  shear rate i s  known; but  t o  obta in  an 
equivalent v i s c o s i t y  su i t ab le  f o r  pred ic t ing  performance would requi re  
a corresponding shear rate which i s  unknown. I n  t h i s  repor t ,  t h e  equiv- 
a l e n t  v i scos i ty  of the non-Newtonian o i l  should be regarded as an unknown 
t o  be determined. 

. 
With a Newtonian o i l  

Figure 1 gives 

With a non-Newtonian f l u i d  the usual  assumption of a parabol ic  
veloci ty  d i s t r i b u t i o n  i n  a pressure-induced flow requi res  modification 
because t h e  v i scos i ty  va r i e s  w i t h  t h e  l o c a l  s lope o r  shear rate of t h e  
veloci ty  p r o f i l e .  
somewhat a l t e r ed ,  and the parabol ic  shape i s  modified. This e f f e c t  i s  
re f lec ted  i n  methods of co r re l a t ing  non-Newtonian v i s c o s i t y  da ta  from 
capi l la ry  viscometers which have a modified parabol ic  p r o f i l e  with t h a t  
from rotating-shear-type viscometers which'have a normally l i n e a r  ve loc i ty  
p ro f i l e  . 

The forces  which e s t a b l i s h  t h e  parabol ic  p r o f i l e  are 

Both types of ve loc i ty  p r o f i l e  occur simultaneously i n  a journal  
bearing. 
pressure and the  load capacity,  while the l i n e a r  p r o f i l e  i s  pr imar i ly  
r e l a t ed  t o  the bear ing f r i c t i o n  port ion of the  power loss, t h e  remainder 
of t h e  power l o s s  being a couple r e l a t e d  t o  t h e  e c c e n t r i c i t y  r a t i o  and 
t h e  t o t a l  load. 

The modified parabol ic  p r o f i l e  i s  pr imar i ly  r e l a t e d  t o  the  film 

T e s t s  of non-Newtonian o i l s  i n  journal  bear ings are needed f o r  com- 
parison w i t h  v i scos i ty  da ta  from high-shear-rate viscometers of both the 
l i n e a r  and c a p i l l a r y  type.  
r a t i o  as  wel l  as  of f r i c t i o n .  An experimental and a n a l y t i c a l  inves t iga-  
t i o n  of t h e  e f f e c t  of a non-Newtonian o i l  on t h e  f r i c t i o n  and e c c e n t r i c i t y  
r a t i o  of a p l a in  journal  bearing was conducted a t  Cornell  Universi ty  under 
t h e  sponsorship and w i t h  the f i n a n c i a l  a s s i s t ance  of t h e  National Advisory 
Committee f o r  Aeronautics. 
form of curves based on the v i scos i ty  at  l o w  shear rate. 
c a l  treatment w a s  attempted as t h e  most f r u i t f h l  avenue of approach. 
led t o  the concept of ana ly t i ca l ly  equivalent v i s c o s i t i e s  d i f f e r i n g  f o r  
f r i c t i o n  and for  load. 
experimental v i scos i ty  values which showed poss ib le  speed e f f e c t s .  

This requi res  measurement of e c c e n t r i c i t y  

The early experimental results w e r e  i n  t h e  
Later an analyti- 

"his 

These w e r e  later supplemented by s imi l a r  equivalent . 
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I n  t h e  invest igat ion,  measurements of e c c e n t r i c i t y  and f r i c t i o n  
i n  a joilrfial bearing =ere ~ a d e  for ~t vi60 PEE- 0- of loeds, speeds, t e m -  
peratures ,  and shearing rates using two non-Newtonian o i l s  as w e l l  as 
a normal o i l .  An ana ly t i ca l  invest igat ion of hydrodynamic e f f e c t s  was 
also made i n  an attempt t o  increase understanding of t h e  e f f e c t  of non- 
Newtonian lub r i ca t ing  o i l s  i n  journal  bearings. Since the experimental 
da ta  dea l  with an e f f e c t  but  not t h e  cause, t h e  descr ip t ion  of t h e  
a n a l y t i c a l  inves t iga t ion  i s  usefu l  i n  revealing fundamental considera- 
t i o n s  i n  more d e t a i l .  The nonlinear var ia t ion  of v i s c o s i t y  with shear 
rate causes fundamental d i f f i c u l t i e s  which require  approximations and 
numerical i n t eg ra t ion  i n  order  t o  obtain equivalent v i s c o s i t i e s  analyt-  
i c a l l y  f o r  use i n  estimating f r i c t i o n  and load. 

I n  order  t o  permit d i r e c t  comparison of the experimental data ,  
dimensionless parameters are used which include an assumed v i s c o s i t y  
f o r  t h e  non-Newtonian ASTM 104 o i l .  By assuming d i f f e r e n t  v i s c o s i t i e s  
e i t h e r  t h e  f ' r i c t ion  o r  t h e  load capacity may be brought i n t o  agreement 
with similar da ta  f o r  t he  normal ASTM 101 o i l .  Close agreement ind i -  
ca t e s  that  t h e  assumed v i scos i ty  approximates an equivalent v i s c o s i t y  
intended f o r  estimating performance. 

The sources of e r r o r  i n  both the experimental and a n a l y t i c a l  tech-  
niques are a l so  discussed. 
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SYMBOLS 

capaci ty  number based on p0 at low shear rate 

diametral  clearance, 2cr, i n .  

diametral  clearance r a t i o  

r a d i a l  clearance, cr = cd/2, i n .  

bearing diameter, i n .  

eccen t r i c i ty  of journal and bearing axes, i n .  

c i rcumferent ia l  bearing f r i c t i o n  force  under load, l b  
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h 

2 

L 

N ’  

NL 

n 

Reav 

S 

f r i c t i o n  number 

circumferential  bearing f r i c t i o n  force a t  zero load, 
2fi2p.”2d(d/Cd), lb 

l o c a l  f l u i d  f i lm thickness,  i n .  

bearing length, in .  

subscr ipt  denoting load 

length-diameter r a t i o  

journal  speed, r p s  

load number, NL = 

e c c e n t r i c i t y  r a t i o ,  e/cr 

applied c e n t r a l  load, l b  

u n i t  pressure on projected area, lb/sq in .  

shear rate i n  r o t a t i o n a l  and a x i a l  d i rec t ions ,  

average r o t a t i o n a l  shear rate, see‘’ 

respect ively , se  c -1 

Sommerfeld number, 

temperature, OF 

surface speed of journal,  i n .  /sec 

a x i a l  coordinate 

angular locat ion measured from maximum f i l m  thickness 
( f i g .  2 ) ,  deg 

circumferential  loca t ion  around bearing where l o c a l  
v i s c o s i t y  of non-Newtonian f l u i d  i s  equal t o  equiva- 
l e n t  v i s c o s i t y  p of Newtonian f l u i d  

- 
ef - 



5 

w 
1 
4 
0 

e e p  8eL angular locat ion f o r  determining a n a l y t i c a l  average 
shear rste f o r  f r i c t i o n  and load, respect ively,  deg 

P absolute v i s c o s i t y  of f l u i d  (centipoises/6.9 x lo6) 
(var iable  with shear rate f o r  non-Newtonian f l u i d s )  , 
r e p s  

absolute v i s c o s i t y  of f l u i d  determined by low-shear- 
rate viscometers, r e p s  

equivalent v i s c o s i t i e s  f o r  f r i c t i o n  and load, respec- Wef, peL t i v e l y ,  determined ana ly t ica l ly  

equivalent v i s c o s i t y  for  f r i c t i o n  and load, respect ively,  pexpf, pexpL determined experimentally 

- 
P constant v i scos i ty  

7 shear s t r e s s  

ANALYSIS 

The mathematical analysis  of the  hydrodynamic performance of a 
journal  bearing with a non-Newtonian f l u i d  w a s  undertaken w i t h  a two- 
f o l d  purpose: 

(1) To determine mathematically whether the  reduced v i s c o s i t y  due 
t o  shearing rate has a d i f f e r e n t  e f fec t  on reducing bearing load capacity 
than it has on reducing the bearing f r i c t i o n  force and t o  evaluate t h i s  
d i f fe rence  f o r  comparison w i t h  t h e  difference which seems t o  be apparent 
from t h e  experimental data  

(2)  To provide a means f o r  determining a representat ive value of 
v i s c o s i t y  f o r  the  individual experimental runs i n  order t ha t  c e r t a i n  
experimental load numbers and f r i c t i o n  numbers may be evaluated using 
an a n a l y t i c a l  value of v i s c o s i t y  which i s  more r e a l i s t i c  than the low- 
shearing-rate v i  s cos i t y  

Viscosity Data 

The v i s c o s i t y  var ia t ion  w i t h  shearing r a t e  and temperature used i n  
the  ana lys i s  i s  shown i n  f i g u r e  1. 
were obtained (refs. 1 and 2)  i n '  high-shear-rate c a p i l l a r y  viscometers 
a t  iOOo,  150°, and 21O0 F and were cross-plotted by in te rpola t ion  i n  

The v i s c o s i t y  da ta  i n  f i g u r e  l ( a )  
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f igure l ( b ) .  
shear r a t e s .  No permanent loss i n  v i s c o s i t y  was detected by ana lys i s  * 
i n  the same viscometers of samples taken a f t e r  t h e  journal  bearing tests 
were completed. 

Figure l ( a )  shows temporary losses  i n  v i s c o s i t y  a t  high 

- 
In determining the  v i s c o s i t y  i n  high-shear-rate c a p i l l a r y  viscome- 

ters,  Fenske, Klaus, and Dannenbrink i n  reference 1 mention t h e  probable 
modification of the  parabolic ve loc i ty  p r o f i l e  f o r  a non-Newtonian o i l  
and or ig ina l ly  p l o t t e d  the  da ta  against  the maximum shear r a t e  a t  the  
capi l la ry  tube w a l l  based on t h e  Hagen-Poisenille parabolic r e l a t i o n s h i p  
which is  correct  f o r  Newtonian o i l .  In  reference 2, they compared t h e i r  
da ta  from the  c a p i l l a r y  viscometer with t h e  data  obtained by Needs 
(ref.  3) on t h e  same o i l  i n  a tapered-plug viscometer. 

Needs' apparatus consisted of concentric cylinders,  one of which 
rotated t o  shear t h e  f l u i d  i n  a l i n e a r  ve loc i ty  p r o f i l e ,  and t h e  shearing 
rate was determined from t h e  surface ve loc i ty  of the r o t a t i n g  cyl inder  
and the f i b  thickness.  In  t h e  tapered-plug viscometer t h e  e n t i r e  sample 
of f l u i d  i s  a t  the  same shearing rate, whereas i n  t h e  c a p i l l a r y  viscometer 
the  sample has zero shearing r a t e  a t  the  tube center and a high shearing 
rate at the  w a l l .  
Klaus, and Dannenbrink show t h a t  the  da ta  cor re la te  w e l l  i f  f o r  t h e  
capi l la ry  da ta  half  of the  maximum shearing rate value i s  used r a t h e r  
than the t o t a l  maximum value. The h a l f  value of t h e  maximum shearing 
r a t e  called t h e  average shearing rate i s  used i n  f igure  l ( a ) .  Thus, 
while the v i s c o s i t y  da ta  i n  f igure  l ( a )  were obtained i n  high-shear- 
rate capi l lary viscometers, they cor re la te  w e l l  with t h e  tapered-plug 
da ta  which appear t o  be t r u e  values of v i s c o s i t y  and shearing rate. 

By comparing t h e  da ta  from both viscometers, Fenske, 

- 

The problem of cor re la t ion  of high-shear-rate v i s c o s i t y  da ta  from 
di f fe ren t  types of viscometers i s  c lose ly  r e l a t e d  t o  the  present problem 
since i n  a loaded bearing t h e  circumferent ia l  ve loc i ty  p r o f i l e s  a r e  more 
near ly  l i k e  those i n  the  tapered-plug viscometer, and those i n  a c a p i l l a r y  
viscometer a r e  the  c loses t  avai lable  t o  t h e  a x i a l  ve loc i ty  p r o f i l e s  i n  a 
journal bearing. 

Method of Attack 

The following logic  based on hydrodynamic theory i s  used t o  compare 
mathematically the f r i c t i o n a l  and load-carrying capacity of a bearing 
having a non-Newtonian f l u i d  with t h a t  of one having a Newtonian f l u i d .  

W 
1 
4 
0 

F i r s t ,  a t  some assumed e c c e n t r i c i t y  r a t i o  n an in tegra t ion  i s  
made for  the  t o t a l  f r i c t i o n  force F of t h e  non-Newtonian o i l  including 
the variable v i s c o s i t y  based on var iab le  shearing r a t e s  i n  t h e  f i l m .  A 
given o i l  at a given temperature T and a given journal  speed N '  are 
assumed so t h a t  l o c a l  v i s c o s i t y  may be determined from a curve i n  
f igure  l ( a ) .  
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Second, an in tegra t ion  f o r  F i s  made assuming that v i s c o s i t y  i s  
constant as i n  a Newtonian I"luild bdt has 82 mkmwn value of equivalent 
v i s c o s i t y  f o r  f r i c t i o n  p 

the  bearing dimensions including clearance are t h e  same as f o r  the non- 
Newtonian case. By equating the  two expressions f o r  F t h e  equivalent 
v i s c o s i t y  pe 

same t o t a l  f r i c t i o n  as f o r  t h e  non-Newtonian f l u i d .  

Eccentricity r a t i o ,  journal  speed, and 
ef'  

i s  determined f o r  t h e  Newtonian f l u i d  which gives the 
f 

The same procedure i s  employed i n  the in tegra t ions  f o r  t o t a l  bearing 
load P t o  determine the equivalent v i scos i ty  f o r  load p which gives 

t h e  Newtonian f l u i d  the  same load-carrying capacity as t h a t  of the non- 
Newtonian f l u i d .  In  the  non-Newtonian case t h e  same o i l  a t  t h e  same 
temperature and the same e c c e n t r i c i t y  r a t i o  are used as i n  the f r i c t i o n  
determination, except tha t  v i s c o s i t y  is  determined by the  shear rate i n  
the  a x i a l  direct ion.  

eL 

Thus, two values of equivalent v i scos i ty  are obtained, f o r  

equal f r i c t i o n  force and p for equal b e z i z g  lond, A comparison of 

t h e  two values of pe 

o r  disadvantage of using a non-Newtonian f l u i d  instead of a normal one. 

e L  
leads t o  a conclusion as t o  the r e l a t i v e  advantage 

If peL f o r  equal loads i s  greater  than pe f o r  equal f r i c t i o n s ,  
f 

then the non-Newtonian f l u i d  ana ly t ica l ly  has the  g r e a t e r  load-carrying 
capaci ty  when the  bearing f r i c t i o n  forces of the  two f l u i d s  are equal. 
Since f o r  a Newtonian f l u i d  t h e  v iscos i ty  i s  the same f o r  determining 
e i t h e r  F o r  P, t h e  load capacity of the Newtonian f l u i d  i s  dependent 
On Kef and must be ra i sed  t o  

non-Newtonian f l u i d .  

t o  equal the load capacity of the 
peL 

Evaluation and Comparison of Viscosi t ies  

Evaluation of equivalent v i scos i ty  f o r  f r i c t i o n . -  The i n t e g r a l  
equation used t o  determine the  f r i c t i o n  force 
non-Newtonian f l u i d  i s  tha t  from the  short-bearing approximation ( r e f .  4 ) .  
In  t h i s  solution, the  ve loc i ty  prof i les  a r e  assumed t o  be of t h e  forms 
shown i n  f igure  2 i n  which t h e  circumferential  p r o f i l e s  are l i n e a r  and 
t h e  axial p r o f i l e s  are parabolic.  

F of the  bearing with the  

Referring t o  f igure  2, it may be seen tha t  f o r  a loaded bearing a t  
some e c c e n t r i c i t y  e (eccent r ic i ty  r a t i o  n) , the  shearing rate i n  t h e  
circumferent ia l  d i rec t ion  i s  varia5le so  t h a t  the  v i s c o s i t y  i s  a l s o  
var iab le  i f  t h e  f l u i d  i s  non-Newtonian. The shearing stress i n  t h e  f l u i d  
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depends on both t h e  l o c a l  shearing rate and l o c a l  viscosi ty .  
gration around the  bearing with respect  t o  
force F of the  bearing, F being a circumferent ia l  force  vector. 
I n  place of an integrat ion,  a numerical summation i s  required s ince t h e  
v iscos i ty  i s  a complex function of shearing rate. Assuming a f ixed 
value of eccent r ic i ty ,  a f ixed  journal  speed, and f ixed  bearing dimen- 
sions, t h e  f r i c t i o n  force 
o i l  at one of the  temperatures i n  f i g u r e  l ( a )  . 

An i n t e -  
8 gives t h e  f r i c t i o n  

- 
F may be determined f o r  t h e  non-Newtonian 

The same i n t e g r a l  expression f o r  f r i c t i o n  force may be used f o r  a 
rimmal o i l  except t h a t  t h e  v i s c o s i t y  i s  constant and not dependent on 
shearing r a t e .  If t h e  same eccent r ic i ty ,  journal  speed, and bearing 
dimensions a r e  used i n  t h e  i n t e g r a l  expression as are used f o r  t h e  non- 
Newtonian o i l ,  then the  f r i c t i o n  force  i s  determined except f o r  i t s  
dependency on v iscos i ty .  However, by equating t h e  expressions f o r  F 
of  the two o i l s ,  t h e  equivalent v i s c o s i t y  p of t h e  normal o i l  may 

be obtained which gives the  same f r i c t i o n  force  f o r  t h e  two o i l s .  
ef 

I n  f i g u r e  3 i s  shown a comparison of the  shear ing-stress  d i s t r i b u -  
t i o n s  i n  a non-Newtonian o i l  f i lm and i n  an equivalent Newtonian o i l  
f i l m  when the f r i c t i o n  forces  F are equal. Even though the  f ixed  
eccent r ic i ty  i s  high, it may be seen t h a t  shear ing-stress  d i s t r i b u t i o n s  
a r e  not g r e a t l y  d i f f e r e n t .  

- 

obtained by calculat ions for 
IJ.ef 

I n  t a b l e  1 a r e  shown values of 

various values of f ixed journal  speed, o i l  temperatures, and eccent r ic i ty  
r a t i o .  In a l l  cases, the  bearing dimensions such as length, diameter, 
and clearance a r e  t h e  same. 
o i l  temperatures of 131° and 169O F a r e  t y p i c a l  values a t  the  extremes 
of the  experimental runs. As would be expected because of the  e f f e c t  

decreases as t h e  of increased speed on increasing shearing r a t e ,  

journal speed i s  increased. Increasing the  e c c e n t r i c i t y  r a t i o  a l s o  
decreases clef 

The speeds of 1,000 and 8,000 rpm, and t h e  

pef 

Referring t o  f igure 3, 8, i s  t h e  circumferent ia l  loca t ion  around 
the  bearing where the  l o c a l  v i scos i ty  of t h e  non-Newtonian f l u i d  i s  equal 
t o  the  equivalent v i s c o s i t y  p of the  equivalent Newtonian f l u i d .  

Thus, the shearing r a t e  a t  t h i s  locat ion i s  t h e  representat ive shearing 
r a t e  of t h e  film at  which the  equivalent v i s c o s i t y  may be determined 
from figure l ( a )  . 8, 
corresponding t o  t h e  conditions a t  which pe values were calculated.  

In  figure 4 a r e  shown p l o t s  of Be against  e c c e n t r i c i t y  r a t i o  n from 
the t a b l e .  .. 

ef 

I n  table 1 a r e  shown t h e  calculated values of 

f 

W 
1 
4 
C 
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Figure 4 i s  i n t e r e s t i n g  i n  t h a t  the 9 d a t a  f o r  t h e  extreme 
ef 

speeds of 1,000 and 8,000 rpm with corresporidiriljr different. tanpratures 
f a l l  on a common l i n e .  
t o  determine the equivalent v i s c o s i t y  a t  any speed and o i l  tempera- 

t u r e  i n  t h e  range of t h e  experimental runs by a simple method. Using 
t h e  e c c e n t r i c i t y  r a t i o  n i n  t h e  experiment, Oef may be determined 

from t h e  curve and t h e  representat ive shearing rate may be determined 
a t  

ture ,  

This curve has the  advantage t h a t  it may be used 
pe f 

eef; then, from t h i s  shearing r a t e  and t h e  experimental o i l  tempera- 

clef may be determined from figure l ( a )  . 

. 

Evaluation of equivalent viscosi ty  f o r  bearing load.- The de ter -  
mination of t h e  load P which a non-Newtonian f i l m  may support i s  r e l a -  
t i v e l y  more complex than t h e  determination of t h e  f r i c t i o n  force F. 
Although the  load P i s  determined f rom an in tegra t ion  of l o c a l  f i l m  
pressure,  a p r i o r  in tegra t ion  i s  required s ince t h e  var iab le  shearing 
r a t e  and v i s c o s i t y  influence the  pressure d i s t r i b u t i o n .  

According t o  the  short-bearing approximation, t h e  so iu t io i l  of thc 
d i f f e r e n t i a l  equation f o r  pressure yields t h e  pressure d i s t r i b u t i o n  
based on t h e  pressure flow i n  the  a x i a l  o r  z-direction. I n  f igure  2 
a re  shown the  parabolic ve loc i ty  p r o f i l e s  i n  t h e  a x i a l  d i r e c t i o n  and t h e  
corresponding parabolic a x i a l  f i lm pressure d i s t r i b u t i o n  f o r  a normal 
f l u i d .  For the  non-Newtonian f l u i d ,  a parabol ic  ve loc i ty  p r o f i l e  i s  
a l s o  assumed. For a parabolic veloci ty  p r o f i l e ,  t h e  shearing stress 
and shearing r a t e  a r e  l i n e a r  so t h a t  the average shearing r a t e  i s  one- 
h a l f  t h e  maximum shearing r a t e  at the w a l l .  The average shearing ra te  
thus  corresponds with t h a t  of the  capi l la ry  viscometer d a t a  of  f igure  l ( b ) .  

The average shearing rate i n  the a x i a l  d i rec t ion  v a r i e s  from zero 
a t  the  bearing center t o  a high value a t  the  bearing ends so t h a t  there  
i s  a correspondingly great  var ia t ion  i n  v i s c o s i t y  from bearing center  
t o  the  ends. However, i n  determining t h e  a x i a l  pressure d i s t r i b u t i o n  
t h e  product pz i s  used t o  determine the  pressure gradient  dp/dz. A s  
shown i n  f i g u r e  5( a ) ,  the product pz i s  only s l i g h t l y  curv i l inear  even 
though t h e  var ia t ion  i n  p i s  great .  The s t r a i g h t  dashed l i n e  shown i s  
an approximation t o  t h e  s l i g h t l y  curved l i n e  and represents  t h e  
d i s t r i b u t i o n  with constant v i scos i ty  E. The s t r a i g h t  l i n e  i s  a r b i t r a r i l y  
drawn through 
equal. The a x i a l  pressure d is t r ibu t ion  which r e s u l t s  i s  parabol ic  as 
shown i n  f igure  5(b) .  

pz 

z = 0.8( 2 / 2 )  so t h a t  t h e  areas under t h e  two curves are 

Thus, the  a x i a l  pressure d is t r ibu t ion  i s  determined by evaluating 
the  average shearing r a t e  at z = 0.8( 2 / 2 )  and determining from t h e  
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appropriate v i scos i ty  curve i n  f igure  l ( a >  . 
t i a l  s t a t i o n  8 t h e  shearing r a t e  and a r e  d i f f e r e n t  because of t h e  
eccent r ic i ty  of the  bearing. To determine the  load P, an in tegra t ion  
of loca l  pressure ci rcumferent ia l ly  i s  required.  Such an in tegra t ion  - 
must be made numerically because of the  complex r e l a t i o n  of 
shear r a t e .  

However, a t  each circumferen- 

with 

The integrat ions f o r  determining t h e  load P f o r  a normal f l u i d  
a r e  r e l a t i v e l y  simpler because v i s c o s i t y  i s  a constant. By equating t h e  
load P o f  t h e  normal f l u i d  t o  t h a t  of t h e  non-Newtonian f l u i d  a t  f ixed  
conditions of speed, e c c e n t r i c i t y  r a t i o ,  and bearing dimensions, t h e  
equivalent v i s c o s i t y  p may be determined of an equivalent Newtonian 

f l u i d  which gives t h e  same load capacity as the  non-Newtonian f l u i d .  
eL 

In table  2 are given t h e  calculated values of p f o r  f ixed  values 
eL 

of journal speed, o i l  temperature, and e c c e n t r i c i t y  r a t i o .  These may be 
compared with the  values of p i n  t a b l e  1 f o r  the  same f ixed  condi- 

t i o n s .  I n  table 2 a r e  a l s o  shown t h e  calculated values of t h e  circumfer- 
e n t i a l l o c s t i o n  8, a t  which t h e  non-Newtonian v i s c o s i t y  i s  equal 
t o  the equivalent v i s c o s i t y  p 

both f lu ids  support the  same load. 
against e c c e n t r i c i t y  r a t i o ,  and, as shown, the  da ta  f o r  t h e  extreme speeds 
of 1,000 and 7,000 rpm f a l l  on a common l i n e .  

e f  

of the  equivalent normal f l u i d  when 

In  f igure  6 i s  shown t h e  p l o t  of 
eL - 

8, 

as CleL The curve of f igure  6 serves t h e  same r o l e  i n  determining 

the  curve o f  f igure  4 serves i n  determining 

i s  known, 

may be calculated a t  z = 0 .8 (2 /2 )  and 

determined from the  calculated shearing rate using t h e  appropriate 
viscosi ty  curve i n  f igure  l ( a ) .  

p If e c c e n t r i c i t y  r a t i o  
ef 

€IeL 
may be determined frorri t h e  curve and t h e  shearing rate 

then pe may be 
= 8eL; L 

.- I n  t a b l e  3 t h e  calculated values of 
peL 

Comparisons of p and ef 
and peL are compared f o r  t h e  same eccen- equivalent v i s c o s i t i e s  

t r i c i t y  r a t i o s ,  t h e  same journal speeds, and the  same non-Newtonian o i l  
a t  the  same temperature. A s  shown, t h e  values of p are g r e a t e r  than 

the  p values a t  low e c c e n t r i c i t y  r a t i o s ,  but a t  t h e  high e c c e n t r i c i t y  

r a t i o s  the reverse i s  indicated.  

pef 

eL 

e f 



11 

rJ 
1 
4 
0 

Referring t o  table 3 and the data  shown f o r  a journal  speed of 
1,000 rpm an6 ail eccentriziti re , t io  n f  
i s  pef = 2.05 x loe6 reyn. A normal o i l  could be chosen which would 

have t h e  same viscos i ty .  For both o i l s  i n  the same bearing a t  the  same 
conditions,  the  f r i c t i o n  torque should be the same ana ly t i ca l ly .  The 
load which the  normal o i l  would support would be proport ional  t o  the  
v i s c o s i t y  p = 2.05 x reyn, but  the  load supported by the  non- 
Newtonian o i l  would be proport ional  t o  t h a t  of a normal o i l  having the  
higher v i s c o s i t y  of p = p = 2.32 x reyn. Thus, t h e  non-Newtonian 

o i l  has t h e  g rea t e r  load capaci ty  when p i s  g rea t e r  than pe . 

n = 0.3, the equivalent v i s c o s i t y  

eL 

e L  f 

A s  shown i n  t a b l e  3 ,  at n = 0.3 the non-Newtonian o i l  has a 
13 percent g rea t e r  load capaci ty  than does t h e  Newtonian o i l  which gives  
t h e  same f r i c t i o n  torque. A t  n = 0.9, however, the load capaci ty  of 
the non-Newtonian o i l  i s  12 percent l e s s .  Table 4 shows a comparison of 
Clef and peL w i t h  po a t  low shear rate and the asymptotic values a t  

high shear r a t e s .  

Conclusions Drawn From Analysis 

The conclusion t o  be drawn f romthe  calculated data i n  table 3 i s  
t h a t  the  non-Newtonian f l u i d  may o r  may not be superior  t o  a Newtonian 
one depending on the  eccen t r i c i ty  r a t i o  a t  which the bear ing i s  t o  oper- 
a t e .  For moderately loaded bearings i n  which the  e c c e n t r i c i t y  r a t i o  i s  
approximately 0.6, there i s  r e l a t ive ly  l i t t l e  advantage i n  using one of 
these  f l u i d s  instead of t he  other .  

It i s  d i f f i c u l t  t o  accept t h e  r e s u l t s  of t h e  a n a l y t i c a l  study 
because of t he  lack of confirmation from t h e  experimental data. A s  d i s -  
cussed i n  another sect ion of t h i s  report ,  the experimental da ta  show a 
g rea t e r  load capacity for t he  non-Newtonian o i l  f o r  a l l  values of eccen- 
t r i c i t y  r a t i o .  Moreover, the  experimental da ta  a l so  show t h a t  t h e  load- 
capac i ty  increase of t he  non-Newtonian f l u i d  over t h a t  of t h e  Newtonian 
one becomes g rea t e r  as the  eccen t r i c i ty  i s  increased, a t r end  opposite 
t o  tha t  predicted i n  t a b l e  3 .  e 

F r i c t i o n  and eccen t r i c i ty  experiments were made using both Newtonian 
and Eon-Newtonian o i l s  i n  t h e  same bearing a t  similar conditions i n  
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order t o  give comparable data. 

diameter and a 1 Z - i n c h  length 
8 

The tes t  bearing, which had a 1--inch 3 
8 

o r  Z/d = 1.0 and a 0.00355-inch diame- 

t r a l  clearance, w a s  located c e n t r a l l y  between two support bearings i n  
t h e  t e s t  machine. 
pressure capsule. The 
o i l s ,  supplied by t h e  Petroleum Refining Laboratory of t h e  Pennsylvania 
S t a t e  University, were a normal o i l  ASTM 101 (PRL 3375) and two non- 
Newtonian o i l s  ASTM 103 and AS'IM 104 (PRL 3373 and PRL 3374). 
measurements of t h e  o i l s  were made a t  Pennsylvania S t a t e  University i n  
a high-shear c a p i l l a r y  viscometer as reported by Fenske, Klaus, and 
Dannenbrink i n  references 1 and 2. Data f o r  the  non-Newtonian ASTM lo3 
o i l  are not presented i n  t h i s  paper s ince t h i s  o i l  had less e f f e c t  on 
a bearing than d id  the  non-Newtonian ASTM 104 o i l .  

Load was applied t o  t h e  tes t  bearing by a hydraulic 
Journal speeds were from 1,000 t o  8,000 rpm. 

Viscosity 

The non-Newtonian ASTM 104 o i l  consis ted of a low-viscosity mineral- 
oil-base blend thickened by adding 5 percent of a high-moiecular-weight 
polymethacrylate ester and had the  same v i s c o s i t y  a t  1000 F as d i d  t h e  
s t ra ight  Newtonian mineral o i l  (ASTM 101) used f o r  comparison when both 
were measured i n  a low-shear-rate viscometer. This v i s c o s i t y  a t  low 
shear r a t e  approximates t h e  in te rcept  of t h e  v i s c o s i t y  l i n e  with t h e  
zero-shear-rate l i n e  and i s  ca l led  "zero-shear-rate" v i s c o s i t y  po. A 
comparison of t h e  v i s c o s i t y  of t h e  two o i l s  with temperature a t  a low 
and a h i g h  shear r a t e  (25O,OOO seconds-1) i s  shown i n  f i g u r e  l ( c ) .  

The pr inc ipa l  measurements made were f r i c t i o n  and e c c e n t r i c i t y  r a t i o .  
The f r i c t i o n  of t h e  bearing was measured by a hydraulic torquemeter. 
Measurement of e c c e n t r i c i t y  w a s  made with a system of levers  and 0.0001- 
inch d i a l  indicators ,  two a t  each end of t h e  t e s t  bearing giving orthog- 
onal  components of t h e  eccent r ic i ty .  
posit ion of t h e  journal  r e l a t i v e  t o  t h e  bearing by rubbing contact on t h e  
journal surface.  
thermocouples imbedded i n  t h e  bearing w a l l  near t h e  fi lm. 
and t e s t  methods were the  same as those used i n  t h e  tests reported i n  
reference 5 i n  which f igures  and a f u l l  descr ipt ion of t h e  t es t  procedure 
are given. 

The system of levers  measured t h e  

Average bearing temperature w a s  measured from severa l  
The apparatus 

T e s t  Procedure 

The t e s t s  were run at  constant journa l  speeds with increasing loads 
because th i s  procedure r e s u l t s  i n  a minimum change of bearing tempera- 
t u r e  which i n  t u r n  has a minimum temperature e f f e c t  on e c c e n t r i c i t y  
measurements. F r i c t i o n  experiments were made separately from t h e  eccen- 
t r i c i t y  experiments t o  eliminate the f r i c t i o n  of t h e  rubbing surfaces of 
t h e  eccent r ic i ty  measuring system. Both f r i c t i o n  and e c c e n t r i c i t y  tests 
were made i n  each d i rec t ion  of journal  ro ta t ion ,  and the  data were averaged . 



and corrected f o r  estimated sha f t  bending and clearance changes with 
temperature. 

The tests were begun with an accurately bored bear ing w i t h  a d i m e -  
t r a l  clearance of 0.0018 inch which had been used i n  previous tests with 
SAE 10 o i l .  The i n i t i a l  tests i n  t h i s  inves t iga t ion  w i t h  the  ASTM 101 
o i l  were nearing completion at  high load and 10,000 rpm when a se izure ,  
a t t r i b u t e d  t o  in su f f i c i en t  clearance, damaged t h e  bear ing s l i g h t l y .  
damaged bear ing w a s  re f in i shed  by honing t o  a clearance of 0.00355 inch 
wi th  some loss  of accuracy of t h e  bore. A complete series of tests was 
then made with t h e  enlarged clearance t o  obtain da ta  giving a d i r e c t  
comparison of t h e  o i l s  i n  the same bearing under s imi la r  conditions.  

The 

The tes t  machine and piping systems were thoroGghly f lushed with 
Varsol, blown out ,  and drained i n  p a r t i a l  disassembly before  each change 
of t he  t es t  o i l s  t o  avoid contamination o r  d i lu t ion .  
o i l s  were taken a t  t h e  end of t h e  tests and forwarded t o  t h e  Petroleum 
Refining Laboratory f o r  ana lys i s .  
ASTM 101 and ASTM 104 o i l s  indicated tha t  ' I .  . . t he re  i s  no s ign i f i can t  
e ~ i d e ~ c e  from the  proper t ies  of t he  used samples, of oxidat ion de ter iora-  
t i on ,  permanent v i scos i ty  decrease, or  evaporation." 

Samples of t h e  t es t  

A report  from t h a t  laboratory on the 

Variables.-  The dimensionless parameters are those determined from 
the short-bearing approximation (ref.  4) and are i n  a form adopted i n  
reference 5.  I n  f igu re  7, n = e/cr i s  the e c c e n t r i c i t y  r a t i o  determined 
from t h e  measured e c c e n t r i c i t y  e and t h e  measured r a d i a l  clearance cy. 
The load number inc ludes . the  o ther  measured bearing va r i ab le s  where 
i s  the u n i t  load on the bearing, N' i s  t h e  journal  speed, p i s  a 
p a r t i c u l a r  value of o i l  v i scos i ty  as indicated by subscr ipts ,  and d, 2 ,  
and Cd are the diameter, length, and diametral  clearance of t h e  bearing, 
respec t ive ly .  The f r i c t i o n  number F/Fo i s  t h e  r a t i o  of t h e  measured 
f r i c t i o n  force  F f o r  a loaded bearing t o  the ca lcu la ted  Pe t rof f  f r i c -  
t i o n  fo rce  Fo of t h e  bearing without load and Fo includes t h e  bearing 
dimensions, journal  speed, and value of f l u i d  v i scos i ty  indicated i n  t h e  
f i g u r e  . 

p 

The o i l  v i s c o s i t y  a t  low shear rate a t  t h e  averaged temperature i n  
the o i l  film i s  
o i l  but  neglects  t h e  v i scos i ty  reduction with higher shear rate f o r  t he  

i s  determined from bearing non-Newtonian o i l .  A value of v i scos i ty  p 

f r i c t i o n  a t  high shear r a t e s .  The values of pe and 

i c a l l y  estimated a t  high shear r a t e  from curves derived i n  t h e  "Analysis" 
sec t ion .  

po which i s  the  correct  v i scos i ty  f o r  t h e  Newtonian 

e-f 
are analyt-  

peL f 
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The temperature var ia t ion  of t h e  v i s c o s i t i e s  of both o i l s  a t  low 
c 

shear rate was obtained from a logarithmic chart  i n  which a s t r a i g h t  
l i n e  joins the  points  given i n  table 5 ,  which l i s t s  t h e  d a t a  taken from 
t h e  tags of t h e  containers of t h e  t e s t  o i l s  giving viscosi ty ,  densi ty ,  
ASTM c h a r t  slope, and v i s c o s i t y  index. 

- 

Experimental Data 

Figure 1 i l l u s t r a t e s  the v i s c o s i t y  changes both with temperature, 
obtained from table 5 ,  and with shear r a t e  f o r  t h e  non-Newtonian o i l ,  
obtained from references 1, 2, and 3 as described i n  t h e  "Analysis" 
s e c t  ion. 

Figures 7 t o  10 show t h e  experimental d a t a  f o r  f r i c t i o n  and eccen- 
t r i c i t y  r a t i o  of t h e  two o i l s .  The data  a r e  shown on t h e  basis of assumed 
v i s c o s i t i e s  f o r  t h e  non-Newtonian o i l ,  s ince t h e  average shear rate and 
the  average v iscos i ty  are unknown, i n  order t o  show t h e  accuracy of t h e  
assumed v i s c o s i t y  value. 

* 

The dimensionless parameters used i n  the graphs should l a r g e l y  
correct f o r  a l l  operating conditions f o r  t h e  Newtonian o i l  so t h a t  a l l  
da ta  points f o r  the  Newtonian o i l  should f a l l  near a s ingle  l i n e ,  except 
f o r  the normal spread of the  data.  
curves, neglecting the  spread of t h e  data ,  should be those due t o  t h e  
changes of t h e  v i s c o s i t y  of the  non-Newtonian o i l .  

Thus t h e  differences between t h e  

Curves based on pn.- I n  f igure  7(a) ,  t h e  experimental da ta  f o r  t h e  

ASTM 104 o i l  a r e  p lo t ted  using the  v i s c o s i t y  a t  low shear r a t e  po at  
t h e  bearing temperature. Thus, the  use of po i n  the  f r i c t i o n  number 
and i n  the  load number leads t o  f i c t i t i o u s  values of these  numbers f o r  
the  104 o i l  because the t r u e  v i s c o s i t y  i s  lowered by shearing act ion.  
Nevertheless, the  curves i n  t h e  f igure  show t h a t  a t  t h e  speeds of 1,000, 
2,500, 5,000, and 8,000 rpm the  measured f r i c t i o n  i s  l e s s  f o r  t h e  
non-Newtonian o i l  than it  was f o r  t h e  Newtonian o i l  a t  t h e  same tempera- 
t u r e ,  presumably because the t r u e  v i s c o s i t y  i s  less than t h e  v i s c o s i t y  
a t  low shear r a t e .  A t  the  same time, t h e  curves of e c c e n t r i c i t y  r a t i o  
a t  t h e  speeds of 1,000, 2,500, 5,000, and 7,000 rpm ( f i g .  7 ( b ) )  show t h a t  
t h e  eccent r ic i ty  r a t i o  d i f f e r s  only s l i g h t l y  between t h e  two o i l s .  
The eccent r ic i ty  curves appear t o  ind ica te  t h a t ,  neglecting t h e  normal 
spread of t h e  data,  the  average v i s c o s i t y  f o r  estimating load 

i n  general, i s  f a i r l y  c lose t o  
f r i c t i o n  i s  considerably d i f f e r e n t .  

F 

n 

peXPL' 
po, bu t  t h a t  t h e  average v i s c o s i t y  f o r  

w 
1 
4 
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- Figure 8 was obtained graphical ly  from expy' Curves based on p 
- 

f igure  7 i n  order t o  a l ter  the  value of po f o r  the  non-Newtonian o i l  
which i s  more representative of the exp'erimental f r i c -  

to a pexPf 
t i o n  data .  
rate v a r i e s  from point  t o  point  i n  t h e  o i l  film, and an average v i s c o s i t y  
i s  t o  be infer red  from the  experimental f r i c t i o n  data. A s  shown i n  t h e  
upper graph i n  f igure  11, t h e  viscosi ty  appears i n  the  denominator 
of each parameter; and a change i n  viscosi ty  moves a point  along each 
parameter proportionally t o  produce a motion along a l i n e  through t h e  
or ig in .  If the  correct  average viscosi ty  were used f o r  each point ,  the  
curve f o r  t h e  non-Newtonian o i l  should coincide w i t h  t h a t  f o r  the 
Newtonian o i l  ASTI4 101, so tha t  t h e  reduction i n  v i s c o s i t y  due t o  shear 
ra te  i s  r e l a t e d  t o  the  r a t i o  AB/OB a t  each point .  

The v i s c o s i t y  Of the non-Newtonian o i l  when reduced by shear 

po 

In  order t o  base the  non-Newtonian f r i c t i o n  data on a v i s c o s i t y  

cl,xpf 9 

c a l l y  by moving t h e  points  on t h e  non-Newtonian f r i c t i o n  curve along 
radial  iiries fro= A or; t h e  101! ci~r\re t.0 I3 on the  101 curve. The 
corresponding changes i n  t h e  f r i c t i o n  number and t h e  load number are the  
v e r t i c a l  and horizontal  coordinates of AB. 
curves f o r  t h e  two o i l s  are made t o  coincide, and t h e  e c c e n t r i c i t y  curves 
are a l t e r e d  only by the  horizontal  coordinate which changes t h e  load 
number as shown i n  the  lower curve i n  f i g u r e  11. 

t h e  change i n  the f r i c t i o n  curve i n  f igure  8 w a s  obtained graphi- 

I n  t h i s  way the  f r i c t i o n  

The r e s u l t i n g  curves i n  f i g u r e  8 t r a n s f e r  the difference between 
t h e  o i l s  t o  a change i n  load capacity and may be in te rpre ted  as the d i f -  
ference i n  load capaci ty  t h a t  would occur i f  a Newtonian o i l  were chosen 
which would give the  same f r i c t i o n  as t h e  non-Newtonian o i l .  

Curves based on pet and pe,.- In  f igure  9 are shown p l o t s  of t h e  

experimental da ta  i n  which t h e  v i s c o s i t i e s  i n  the f r i c t i o n  and load num- 
bers are calculated equivalent v i s c o s i t i e s  

derived i n  the  "Analysis" sect ion of t h i s  report ,  where it i s  shown on 
the  basis of c e r t a i n  assumptions tha t  t h e  equivalent v i s c o s i t y  

r e l a t e d  t o  t h e  bearing f r i c t i o n  i s  dependent on the shear r a t e s  i n  t h e  
r e l a t e d  t o  load circumferent ia l  d i rec t ion  of f i lm f l o w ,  whereas 

capaci ty  depends primarily on t h e  ax ia l  shear r a t e s  i n  t h e  film. 

and p . These a r e  
clef eL 

pe f 

peL 

The method of choosing pe and peL from f igure  l ( a )  f o r  t h e  
f 

ASTM 104 o i l  stems from the  ana ly t ica l  study presented i n  t h i s  repor t .  
F r m  f i g u r e s  4 and 6, t h e  angular circumferential pos i t ion  8, 
se lec ted  a t  which the representat ive shear rate may be calculated t o  

i s  
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determine t h e  equivalent v i s c o s i t y  from f i g u r e  l ( a ) .  Figure 4 i s  used 
i n  determining p and f i g u r e  6, i n  determining pe . Referring t o  (. 

ef L 
f igure  6 as an example, t h e  e c c e n t r i c i t y  r a t i o  i s  known from experimental 
measurement so t h a t  

rate R, 
t h e  following equation: 

may be determined. The representat ive shear 

f o r  flow i n  t h e  axial d i r e c t i o n  may then be calculated from 
eeL 

W 
1 
4 
0 All fac tors  i n  t h e  equation are known from t h e  experimental data .  

t h i s  calculated value of shear r a t e  and t h e  temperature measured i n  t h e  
experiments, t h e  equivalent v i s c o s i t y  pe may be determined fo r  t h e  

ASTM 104 o i l  from f igure  l ( a ) .  The determination of pe i s  nade i n  a 

similar manner except t h a t  f igure  4 i s  used t o  determine 

representative shear rate Re f o r  flow i n  t h e  circumferential  d i r e c t i o n  
of flow i s  given by t h e  following equation: 

Using 

L I 

f 
and t h e  eef 

I 

- 
2nN'd 1 Re = - 

'd (1 + n cos e, 

It may be seen t h a t  the  curves f o r  t h e  f r i c t i o n  runs f o r  t h e  ASTM 104 
and ASTM 101 o i l s  f a l l  nearer together i n  f i g u r e  9 than they  do i n  f i g u r e  7 
where low-shear-rate v i scos i ty  i s  used. However, t h e  l i n e s  f o r  t h e  two 
o i l s  are  not qu i te  coincident, which ind ica tes  t h a t  the a n a l y t i c a l  method 
f o r  determining p and peL, while not exact,  i s  i n  t h e  correct  d i rec-  

t i o n  for  f r i c t i o n .  
ef 

With regard t o  t h e  curves f o r  e c c e n t r i c i t y  r a t i o  i n  f igure  9, it 
p eL' 

would appear t h a t  these data  should f a l l  on a common l i n e  by using 

However, these  curves were near ly  coincident on t h e  b a s i s  of low-shear- 
r a t e  v i scos i ty  po 

separate hor izonta l ly  by using a reduced v i s c o s i t y  
o i l .  

as i n  f igure  7, and it i s  obvious t h a t  they would 

p f o r  t h e  ASTM 104 
eL 

The experimental data i n  f igures  8 and 9 show t h e  same advantage 
for t h e  non-Newtonian o i l  as they do i n  figure 7. The e f f e c t  of i n t r o -  
ducing more representat ive values of v i s c o s i t y  has been merely t o  s h i f t  
t h e  curves. I n  f igures  8 and 9 t h e  curves show t h a t  a t  near ly  the  same 



~ r i ~ ~ L ~ ~ ~  -+.-= fcrce for t h e  two o i l s ,  the  non-Newtonian o i l  has t h e  grea te r  
load capacity.  
Newtonian o i l  has t h e  l e s s e r  f r i c t i o n .  

I n  f igure  7 they show that  for t h e  s a ?  load t h e  nnn- 

Speed ef fec t . -  Figure 10 was obtained from f igure  8, where t h e  f r i c -  
t i o n  curves are equal, by cross-plott ing t h e  differences i n  e c c e n t r i c i t y  
r a t i o  for t h e  d i f f e r e n t  speeds. 
shown i n  f r i c t i o n  on a b a s i s  of equal eccent r ic i ty  r a t i o .  
serves t o  indicate  t h a t  there  i s  some basis f o r  a b e l i e f  t h a t  t h e  e f f e c t  
of the  non-Newtonian o i l  increases w i t h  speed, being negl ig ib le  a t  
1,000 rpm and considerable a t  7,000 rpm. 

Apparently, a similar e f f e c t  could be 
Figure 10 

Viscosity l o s s . -  Figure 12 compares t h e  l o s s  i n  t h e  average v i s c o s i t y  
indicated by the f r i c t i o n  experiments with t h e  high shear rate viscometer 
d a t a  i n  figure l (a )  . Referring t o  f igure 11, i f  po i s  t h e  v i s c o s i t y  a t  
low shear r a t e ,  and p i s  the  correct v i s c o s i t y  of t h e  non-Newtonian o i l  
a t  a da ta  point,  making it f a l l  on the ASTM 101 l i n e ,  then t h e  percentage 
change i n  v i s c o s i t y  i s  

If the  load number i s  represented by l / C n ,  then Cn i s  proportional t o  
p, and t h e  percentage change i n  viscosi ty  i s  

Cno - Cn 
x 100 

cnO 
L 

Multiplying both numerator and denominator by l/(CnoCn) 

centage change i n  v iscos i ty  

gives t h e  per- 

I n  f i g u r e  11 t h e  abscissa  of point  A i s  l / C n o  and t h a t  of B i s  l / C n  

obtained by using t h e  correct  v i scos i ty  p. Thus, t h e  v i s c o s i t y  l o s s  
may be calculated from the load number of points  A and B f o r  each data  
point.  

The l o s s  i n  v iscos i ty  determined i n  t h i s  way represents  t h e  average 
v i s c o s i t y  l o s s  f o r  f r i c t i o n ,  since the a c t u a l  v i s c o s i t y  reduction a t  any 



point depends on t h e  l o c a l  shear r a t e s  which a r e  var iable  throughout t h e  
o i l  f i lm i n  a loaded bearing. . 

In f igure  12 the  average v iscos i ty  loss  f o r  f r i c t i o n  i s  compared 
with the loss obtained from t h e  Viscometer da ta  i n  f igure l ( a )  by using 
an average shear r a t e  i n  the  r o t a t i o n a l  plane obtained ana ly t ica l ly .  A 
l i n e a r  ve loc i ty  p r o f i l e  i s  assumed so t h e  shear r a t e  i s  given by 
and the i n t e g r a l  average used i s  

U/h, 

Subst i tut ing h = C r ( l  + n cos e )  from reference 4 gives 

U 1 2nN ‘d 
Reav = q 7 = - 

(1 - n2) l 2  ‘d a 
W 
1 
4 
0 

(3) 

The percent loss i n  the  viscometer d a t a  i n  f igure  l ( a )  v a r i e s  only 
a l i t t l e  with temperature, and a s o l i d  l i n e  i s  drawn through poin ts  
indicat ing the  average l o s s  at various shear r a t e s .  

The cor re la t ion  of t h e  average v i s c o s i t y  loss  f o r  bearing f r i c t i o n  
w i t h  the viscometer da ta  using an average r o t a t i o n a l  shear rate corrected 
f o r  the e f f e c t  of t h e  measured e c c e n t r i c i t y  n 
l a r g e s t  s c a t t e r  at 1,000 rpm. 

i s  reasonable with the  

RESULTS 

The reduction i n  f r i c t i o n  with increasing shear rate obtained experi-  
mentally gives a reasonable cor re la t ion  w i t h  t h a t  predicted a n a l y t i c a l l y  
as shown i n  f igure  12. This supports the  concept t h a t  t h e  bearing f r i c t i o n  
i n  an eccentr ic  bearing i s  primarily r e l a t e d  t o  t h e  l i n e a r  v e l o c i t y  p r o f i l e  
but requires correct ion f o r  t h e  e f f e c t  of t h e  e c c e n t r i c i t y  r a t i o  on t h e  
average shear ra te  as shown. 

I 

The reduction i n  load capacity with increasing shear r a t e  which 
seems t o  be indicated experimentally i s  much less than the  a n a l y t i c a l  
r e s u l t ,  although ne i ther  method i s  of t h e  accuracy required t o  warrant 
a d e f i n i t e  conclusion. 

The two methods disagree not only i n  t h e  e f f e c t  of speed but a l s o  
i n  t h e  e f fec t  of e c c e n t r i c i t y  r a t i o .  Mathematical analysis  ind ica tes  
the  load capacity of t h e  non-Newtonian f l u i d  t o  be increased a t  low 
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e c c e n t r i c i t i e s  and decreased at high eccent r ic i t ies ,  a reversing e f f e c t .  
However, t he  experimental evidence indicates  8 2ossiSFlf ty  of an opposite 
t rend i n  which t h e  increased load capacity of the non-Newtonian f l u i d ,  
based on equal f r i c t i o n ,  becomes greater as the e c c e n t r i c i t y  r a t i o  i s  
increased. T h i s  i s  v iv id ly  demonstrated i n  the curves of f i g u r e s  7 
and 8. 
capacity i s  concerned, the non-Newtonian f l u i d  tends t o  maintain i t s  low- 
shear-rate value, but ,  insofar  as f r i c t i o n  force  i s  concerned, t h e  v i s -  
cos i ty  i s  g r e a t l y  reduced by the  shearing e f f e c t .  

It would appear from the  experimental da ta  t ha t ,  insofar  as load 

Because of the  lack of mutual confirmation between t h e  e x p e r b e n t a l  
and a n a l y t i c a l  r e s u l t s ,  no d e f i n i t e  conclusions should be drawn from 
e i t h e r  technique. 
e c c e n t r i c i t y  r a t i o  a r e  always open t o  question. The assumptions and 
approximations used i n  predict ing ana ly t ica l ly  the hydrodynamic perform- 
ance of a complex shear-rate-sensit ive f l u i d  i n  a journal  bearing a r e  
equally questionable. 
i n  t h e  following section. 

Experimental techniques used f o r  t h e  measurement of 

The sources of e r r o r  i n  each technique a r e  t r e a t e d  

DISCUSSION 

The v i s c o s i t i e s  f o r  f r i c t i o n  and load obtained a n a l y t i c a l l y  show 
l e s s  change than,and have a d i f fe ren t  t rend  from,those obtained experi-  
'nen ta l ly .  Therefore, t h e  ana lys i s  i s  valuable i n  reveal ing the problem 
i n  d e t a i l  but does not provide an explanation f o r  the experimental ind i -  
cation. 
be due t o  some viscous e f f e c t  other  than t h a t  introduced i n t o  the ana lys i s  
which was based on the viscosity-shear-rate data i n  f i g u r e  1. 
ferences i n  e c c e n t r i c i t y  r a t i o  a t  high loads a r e  so minute f o r  la rge  
changes of load tha t  a considerable spread of experimental e c c e n t r i c i t y  
r a t i o  data i s  normally expected even f o r  a s ingle  Newtonian o i l .  Com- 
parison of two o i l s ,  one having a considerably d i f f e r e n t  non-Newtonian 
v iscos i ty ,  enhances the p o s s i b i l i t y  of e r r o r  i n  comparing differences 
i n  these data. Since the  differences i n  question are of t h e  same order 
of magnitude as the  normal spread of the  data, t h e  experimental r e s u l t s  
should not be considered conclusive; however, t he  experimental d i f f e r -  
ences appear t o  be regular  r a t h e r  than random and appear t o  ind ica te  a 
v i s c o s i t y  for f r i c t i o n  d i f fe ren t  from tha t  f o r  load a t  higher journal  
speeds. Since t h i s  can be interpreted t o  mean either a reduction i n  
f r i c t i o n  f o r  the  same load o r  an  increase i n  load capacity f o r  the same 
f r i c t i o n ,  there  i s  a p o s s i b i l i t y  of an advantage f o r  the  non-Newtonian 
o i l  although the experimental da ta  are inconclusive. Experimentally the  
r e s u l t s  indicate  a p o s s i b i l i t y ,  ra ther  than a proof, which should be more 
thoroughly investigated.  

There i s  t h e  p o s s i b i l i t y  that  the  experimental difference may 

The d i f -  
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In view of t h e  conf l ic t ing  evidence, it i s  enlightening t o  review 
i n  d e t a i l  t h e  possible  sources of d i f f i c u l t i e s  i n  t h e  experimental tech- 
niques employed and i n  the  physical  p r inc ip les  and assumptions used i n  
the  analysis. In  t h e  following paragraphs, t h e  d i f f i c u l t i e s  are d i s -  
cussed by l i s t i n g  arguments i n  support of the  conclusion of the  analysis  
on one hand and t h e  arguments supporting t h e  e x p e r h e n t a l l y  observed 
behavior on t h e  other.  

Arguments Supporting t h e  Analysis 

The arguments supporting the  conclusions of t h e  ana lys i s  are as 
follows : 

(1) The analysis  revea ls  l i t t l e  evidence a t  high shear rates t o  
indicate t h a t  t h e  e f f e c t i v e  load-carrying v i s c o s i t y  w i l l  be g r e a t l y  
d i f fe ren t  from the  e f f e c t i v e  f r i c t i o n  v iscos i ty .  A t  very high r o t a t i v e  
speed nearly a l l  of t h e  f l u i d  i n  t h e  f i l m  w i l l  be a t  such a high shear 
rate that  the  v i s c o s i t y  w i l l  approach t h e  reduced asymptotic value of 
t h e  curves of f igure  l ( a ) ,  so t h a t  t h e  v i s c o s i t y  should be e f f e c t i v e l y  
constant throughout t h e  f i l m  and t h e  behavior of t h e  f i lm should there-  
f o r e  be near ly  Newtonian. and 

pef 
A t  t h e  very high journal  speed, 

should be of near ly  the  same value and both f r i c t i o n  force  and load 

A t  t h e  lower journal  speeds, the  
peL 
capacity should be equal ly  reduced. 
values of 

of the curvi l inear  port ion of the  v i s c o s i t y  curves i n  f i g u r e  l(a). The 
mathematical analysis  i s  i n  support of t h i s  trend, but  t h e  experimental 
data  are not since they show a grea t  difference i n  p and 1, at  

the  high journal  speeds. 

and pe should be d i f f e r e n t  because of t h e  influence 
L 

ef L 

(2 )  Most inves t iga tors  have found experimental measurements of 
eccent r ic i ty  d i f f i c u l t  f o r  t h i n  fi lms, with s p e c i f i c  differences of uncer- 
t a i n  accuracy. In  f i g u r e  8, f o r  example, t h e  differences i n  e c c e n t r i c i t y  
r a t i o  are due t o  differences i n  e c c e n t r i c i t y  of about 0.0001 inch, a 
s m a l l  value t o  measure accurately considering t h e  ro ta t ion ,  e l a s t i c  
deflection, thermal expansion, e t c .  I n  past  experiments, although p l o t s  
of measured e c c e n t r i c i t y  against  load number are smooth curves, repeated 
runs a t  the  same conditions have shown some s c a t t e r  of t h e  data.  

(3) In e a r l i e r  experiments, curves of measured e c c e n t r i c i t y  against  
load number have var ied somewhat f o r  l a r g e  changes i n  v iscos i ty ,  speed, 
and bearing clearance even though t h e o r e t i c a l l y  t h i s  i s  accounted fo r  i n  
the  dimensionless parameters. Although t h e  var ia t ions  o f  t h e  e c c e n t r i c i t y  - 
curves have not been grea t ,  they are g r e a t  enough t o  question whether t h e  
accuracy i s  adequate f o r  measuring t h e  differences between t h e  eccentr ic-  
i t i e s  of t h e  non-Newtonian and Newtonian o i l s .  
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(4 )  In  the ea r ly  port ion of t h e  experimental program of t h i s  repor t ,  
t h e  bearing w a s  s z l z e d  2nd dmaged. Although the  bear ing w a s  honed t o  a 
l a r g e r  clearance p r i o r  t o  t e s t i n g  of both o i l s ,  doubt e x i s t s  whether thz 
spread of the e c c e n t r i c i t y  da ta  may have been increased because of t h e  
poorer qua l i t y  of t he  bearing bore. 

Arguments Supporting the Experiments 

The arguments supporting t h e  experimentally observed behavior are 
as follows: 

(1) The experimental da ta  shown i n  f i gu re  8 a r e  among the f irst  t o  
be presented i n  an attempt t o  compare the load capaci ty  of a non- 
Newtonian f l u i d  w i t h  t ha t  of a Newtonian one. 
marked increase i n  load capaci ty  f o r  the compounded f l u i d  may be due t o  
a physical  phenomenon not yet f u l l y  understood or shown i n  f igu re  1, but  
which r e s u l t s  from the  complex rheological  s t ruc tu re  of the  f l u i d .  For 
example, f i gu re  1 i s  r e l a t e d  t o  a unid i rec t iona l  shear rate, whereas t h e  
condi t ion i n  a p l a in  bearing involves varying components i n  t h e  axial 
and r o t a t i v e  d i r ec t ions  associated w i t i i  8 mirveii flew path wi th in  t h e  
f i lm.  

The t r end  ind ica t ing  a 

(2)  A question arises as t o  whether it may be assumed i n  t h e  analy- 
sis  t h a t  a t  a given point  i n  the  f i l m  the f l u i d  has d i f f e r e n t  v i s c o s i t y  
values i n  two perpendicular d i rec t ions  of flow because of d i f f e r e n t  shear 
rates i n  the two d i rec t ions .  I n  e i t h e r  t he  c a p i l l a r y  viscometer o r  the 
tapered-plug type t h e  streamlines are  p a r a l l e l ,  and the measured v i s c o s i t y  
i s  i n  t he  common d i r ec t ion  of the  streamlines. In  the bearing film, how- 
ever,  t h e  streamlines a r e  curved so  t h a t  the question a r i s e s  as t o  whether 
the  v i s c o s i t y  may be determined from components o r  should be determined 
from the shear r a t e  of the  ve loc i ty  p r o f i l e  i n  t he  streamline d i r ec t ion .  
I n  the  streamline d i r ec t ion  the veloci ty  p r o f i l e  i s  warped making a math- 
ematical  evaluation of shear r a t e  f rom t h i s  p r o f i l e  d i f f i c u l t .  It i s  
not unreasonable t o  suppose that ,  i n  the non-Newtonian f l u i d  wi th  a polar  
long chain-molecular s t ruc ture ,  t h e  f l u i d  possesses d i f f e r e n t  d i r ec t iona l  
proper t ies  including d i r ec t iona l  v i scos i ty  c h a r a c t e r i s t i c s . l  

(3) The assumptions used i n  the  mathematical hydrodynamic ana lys i s  
appear r a t i o n a l  but c e r t a i n  of t he  assumptions lack  r igo r .  The ve loc i ty  
p r o f i l e  i n  the  a x i a l  d i r ec t ion  i s  assumed parabol ic  as i n  a Newtonian 
f l u i d  although it i s  known t o  be modified f o r  a non-Newtonian f l u i d .  Also, 

1A paper by Selby (ref.  6) and i t s  discussions contain a number of 
references t o , t h i s  problem, including a reference t o  an unpublished e a r l y  
vers ion of the  present repor t  which contained curves equivalent t o  f i g -  
ures  7 and 12. 
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t h e  assumption of a l i n e a r  ve loc i ty  p r o f i l e  i n  the circumferential  direc-  
t i o n  according t o  t h e  short-bearing approximation may be too l imi t ing  an 
assumption t o  show the  difference i n  t h e  load capacity between the two 
types of f l u i d .  

(4 )  Although the  experimental apparatus f o r  measuring e c c e n t r i c i t y  
lacks the  accuracy desirable  f o r  these tes ts  and s c a t t e r  i n  the  measured 
e c c e n t r i c i t i e s  i s  t o  be expected, the s c a t t e r  does not appear t o  be ran- 
dom; but, ra ther ,  it indica tes  a t rend  showing a superior performance f o r  
t he  non-Newtonian f l u i d .  The two types of o i l  were t e s t e d  i n  the  same 
bearing w i t h  the same clearance and at the same journal  speeds so tha t  t h e  
d a t a  may be compared on the basis of only a change i n  type of o i l .  
same bearing, reworked a f t e r  damage, was used f o r  both o i l s .  

W 
1 
4 
0 

The 

( 5 )  In  t h e  tests of e c c e n t r i c i t y  a difference i s  possible  i n  the 
f i l m  thicknesses of t h e  two o i l s  between t h e  r o t a t i n g  journal  surface 
and the contacting lever  used to sense journa l  posi t ion.  If t h e r e  i s  
such a difference,  however, it i s  d i f f i c u l t  t o  explain why the  eccen- 
t r i c i t y  data of f igure  7 a r e  so cons is ten t ly  equal f o r  the two o i l s  over 
the range of journal  speeds of the  experiments. 

(6) Another possible  source of e r r o r  which could r e s u l t  i n  a bodi ly  
s h i f t  of the  curves l i es  i n  t h e  dependence of the e c c e n t r i c i t y  on the  
determination of the  reference datum of measurement f o r  each run. How- 
ever, the probabi l i ty  i s  very s m a l l  t h a t  t h i s  e r r o r  would occur succes- 
s ive ly  i n  t h e  same d i rec t ion  f o r  the number of datum determinations 
required. 

Further Studies and Experimentation 

Since the eccent r ic i ty  behavior of the non-Newtonian o i l  i s  unex- 
plained i n  t h i s  invest igat ion,  f u r t h e r  e x p e r h e n t a t i o n  and study should 
be made of the  load-carrying capacity of such an o i l .  The experimental 
f indings o f  t h i s  invest igat ion should be checked by another method of 
experimentation using a more accurate method of measuring t h e  f i l m  th ick-  
ness. I n  recent  years several  experimenters have developed e l e c t r i c a l  
methods for measuring minimum f i lm thickness d i r e c t l y  rather than by 
measuring eccent r ic i ty .  Measurement of f i l m  thickness  i s  a more sensi-  
t i v e  method a t  high e c c e n t r i c i t y  r a t i o s  and would be espec ia l ly  appro- 
p r i a t e  f o r  a n  invest igat ion of the  load capaci ty  of the non-Newtonian 
f l u i d .  

Although the  most c r i t i c a l  experimental device required i s  an accu- 
r a t e  instrument t o  measure f i lm thickness,  it would a l s o  be i d e a l ,  i f  
possible,  t o  compare d i r e c t l y  the load required f o r  the two o i l s  t o  pro- 
duce t h e  same f i l m  thickness w i t h  the  same f r i c t i o n  force.  Tests of 
t h i s  kind would require  a carefu l  control  of t h e  v i s c o s i t y  of the  normal 
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o i l  by blending and/or by hea t  exchangers t o  con t ro l  i t s  temperature i n  
order t o  achieve simultaneousiy a given friction fo rce  and a given f i lm  
thickness.  

Another suggestion less d i f f i c u l t  t o  accomplish would be t o  use a 
system of valving which would permit a nearly instantaneous change of o i l  
from t h e  non-Newtonian t o  the  Newtonian type i n  the same bearing without 
stopping. T h i s  would el iminate  the reference datum e r ro r ,  i f  any, and 
permit d i r e c t  comparison of the difference i n  the readings f o r  t h e  two 
o i l s .  
Newtonian o i l  is  suggested t o  give equal f r i c t i o n  w i t h  e i t h e r  o i l .  
With low o i l  flow some waste of o i l  can be t o l e r a t e d  i n  order  t o  d iscard  
the m i x t u r e  r e s u l t i n g  during changes. 

To prevent temperature changes i n  t h i s  method, blending of t h e  

Although f u r t h e r  inves t iga t ion  t o  check t h e  experimental behavior 
i n  a p l a i n  bearing i s  desirable ,  equally important i s  a rheologica l  study 
d i r ec t ed  toward determining the  special  c h a r a c t e r i s t i c s  of the  f l u i d  
which may account f o r  i t s  seemingly increased load-supporting capaci ty  
over that  of a normal o i l  a t  the same f r i c t i o n  force .  

Considering the complexity of t he  streamline pa t t e rn  iil a jo.;1-zal 
bear ing under load, t e s t i n g  the  journal bear ing i tself  seems a t  t h i s  time 
t o  be the  only way t o  obta in  t h i s  pattern; but  some simpler methods t o  
obta in  each p a r t  of t h e  condi t ion separately would be usefu l .  
plug viscometer i s  comparable t o  a concentric journa l  bearing without 
load o r  film pressure gradient .  
parabol ic  p r o f i l e  f a i r l y  similar t o  one component of that  i n  a bearing, 
but  t he  smallest c a p i l l a r y  holes  used (0.010 inch) are of the order  of 
100 times the possible  f i l m  thickness  i n  a bearing. A viscometer having 
flow between f la t  p l a t e s  separated by the th innes t  possible  d is tance  would 
provide a p r a c t i c a l  method of obtaining s m a l l  f i l m  thicknesses  more l i k e  
those i n  a journal  bearing. The length of t h e  flow path under a high 
pressure gradient  i n  a bear ing i s  o n l y  a f r a c t i o n  of the bear ing a x i a l  
length.  
l5,OOO p s i  per  inch i n  a misalined bearing are recorded i n  reference 7. 
The s t a t iona ry  f l a t  p l a t e s  would lack the  r o t a t i o n a l  shear, but  it might 
s t i l l  be possible  t o  obtain curved flow paths  which may a f f e c t  the two 
types of o i l  d i f f e r e n t l y  because of or ien ta t ion  e f f e c t s  of t h e  long chain 
molecules ( r e f .  6 ) .  

The tapered- 

The capi l la ry  viscometer gives  a modified 

Pressure gradients  of 5,000 p s i  per  inch i n  an a l ined  bear ing and 

CONCLUSIONS 

The following conclusions may be drawn from the experimental and 
a n a l y t i c a l  r e s u l t s  of th i s  invest igat ion of t h e  e f f e c t  of a non-Newtonian 
o i l  on f r i c t i o n  and eccen t r i c i ty  ratio of a p l a i n  journa l  bearing: 
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1. The v i s c o s i t y  of a non-Newtonian o i l  for use i n  pred ic t ing  the  
.) 

f r i c t i o n  on the  s t a t iona ry  element of a loaded p l a i n  bearing can be e s t i -  
mated from ex i s t ing  high-shear-rate viscometer d a t a  by using an ana ly t i -  
c a l l y  determined average shear rate which takes  i n t o  account t h e  eccen- 
t r i c i t y  of t h e  bearing. 

2. The experimental and a n a l y t i c a l  methods used give conf l i c t ing  
indicat ions of t h e  e f f e c t  of a non-Newtonian o i l  on load capaci ty  of a 
p l a i n  bearing, ne i the r  being of t h e  accuracy necessary t o  warrant a 
de f in i t e  conclusion; but  they seem t o  ind ica t e  t h e  p o s s i b i l i t y  of an 
improvement i n  load capaci ty  r e l a t i v e  t o  f r i c t i o n  which warrants f u r t h e r  w 
invest igat ion.  1 

4 
0 

Cornell University,  
Ithaca, N. Y., May 8, 1959. 
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' e ,  
deg 

TABU 1.- ANALYTICAL VALUES OF V I S C O S I T Y  pef BASED 

ON EQUAL F R I C T I O N  FORCE 

wef J pef, 'e, 
r e p  cent ipoises  deg 

. 

2.05 x io- 
2.00 
1.92 
1.75 

Eccentr ic i ty  

14.12 
13.60 
13.22 
12.07 

1,000 r p m ,  131° F 

100 
111 
123 
139 

r a t  i o  , 
n 

r e  yn cent ipoises  

95 
.985 6.80 112 
.965 6,. 65 123 
-935 6.45 137 

0.995 x 6 . s  0.3 
.5 
-7 
-9 

I 1 8,000 rpm, 169' F 

I 

TABLE 2.- ANALYTICAL VALUES OF V I S C O S I T Y  BASED 
e L  

Eccentricity 
rat  io,  

n 

* Y  

ON EQUAL LOAD 

I 1,000 rpm, 131O F I 7,000 rpm, 158' F 

eL7 
P 

eLJ 
P 

centipoises 

6 2.32 x 10- 
2.15 
L.86 
L.54 

16.0 

12.81 
10.61 

14.82 

weL, 
cent ipo ises  

8.74 
7.97 
7.37 
6.35 
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0.3 
= 5  
- 7  
- 9  

. 

2.05 X 2.32 X 1.132 13 15 
2.00 2.147 1.074 7.35 
1.92 1.86 969 -3.12 
1.75 1.54 .880 -12.00 

TABLE 3.- COMPARISON OF VISCOSITY FOR FRICTION c~ AND FOR LOAD c~ 
ef eL 

OBTAINED ANALYTICALLY AT LOW AND HIGH ROTATIVE SPEED 

0.995 x 
985 
965 
935 

1.100 x lom6 1.106 10.55 
1.010 1.025 2.54 

950 985 -1.56 
,880 - -941 -5 9 87 

8,000 r p m ,  169O F I 
0.3 

-5  
-7 
.9 
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Finished composition property 

w 
1 
b 
3 

T e s t  
temperature, Value 

OF 

TABLE 5.- VISCOSITY DATA FOR TEST OILS 

[Tes t  o i l s  and d a t a  were provided by Petroleum Refining 
Laboratory, Pennsylvania State  University, through the  
courtesy of D r .  M. L. Fenske] 

Viscosity,  cent ipoises  . . . . . . . .  
Viscosity,  cent ipoise  s . . . . . . . .  
Density, g/ml . . . . . . . . . . . .  
Density, g/ml . . . . . . . . . . . .  
ASTM chart  slope . . . . . . . . . . .  
Viscosity index . . . . . . . . . . .  

100 
210 
100 
210 

210 t o  100 ---------- 

28.4 
4.30 

0 857 
0.820 
0.762 

97 

ASTM 104 mineral-oil-base blend; 

Base stock viscosi ty ,  centipoises . 
Viscosity,  cent ipoises  . . . . . . .  
Viscosity,  cent ipo ises  . . . . . . .  
Density, g/ml . . . . . . . . . . .  
ASTM chart  slope . . . . . . . . . .  
Viscosity index . . . . . . . . . .  
Density, g/ml . . . . . . . . . . .  

5 -weight -per cent polymer 

100 
100 
210 
100 
210 

210 t o  100 ---------- 

7.5 
28.4 
7.46 
0.854 
0.816 
0.480 
174 
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(b) Viscosity against temperature and shear rate for 
non-Newtonian ASTM 104 oil. 

Figure 1.- Continued. 
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(c) Comparison of viscosity of Newtonian ASTM 101 oil with that of non- 
Newtonian ASTM 1& oil at low and high shear rates. 

Figure 1.- Concluded. 
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Figure 3.- Comparison of ana ly t i ca l  shearing s t r e s s  d i s t r ibu t ion  f o r  
non-Newtonian and Newtonian o i l s  i n  a bearing loaded t o  an eccen- 
t r i c i t y  r a t i o  n = 0.90 when f r i c t i o n  forces  are equal. Data f o r  
non-Newtonian ASTM 104 o i l  taken from f igu re  1 a t  131' F; 
N = 1,000 rpm; d/cd = 393; z/d = 1.0. 
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Figure 4.- Analytical  values of angle eef a t  which equivalent 
v i scos i ty  p OCCUTS t o  give equal f r i c t i o n  a t  two d i f f e r e n t  

speeds. 
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Figure 5.- Typical axial d i s t r i b u t i o n  of ,  above, t he  product pZ and, 
below, film pressure obtained ana ly t i ca l ly  f o r  non-Newtonian o i l .  
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(a) Friction data. 
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Figure 7.- Comparison of friction and eccentricity-ratio test data based 
on low-shear-rate viscosity (po) of non-Newtonian oil, ASTM 104. 
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(a )  F r i c t ion  data. ( b )  Eccent r ic i ty- ra t io  data. 

Figure 8.- Comparison of f r i c t i o n  and eccen t r i c i ty - r a t io  t es t  da t a  based 
on m experimentally equivalent v i scos i ty  for f r i c t i o n  p e q f  f o r  

t h e  non-Newtonian o i l  ASTM 104. 
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.gure 9.- Comparison of friction and eccentricity-ratio test data based 
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on analytically equivalent vis co s it ie s 

for load f o r  non-Newtonian ASTM 104 oil. 
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Figure 10.- Change of e c c e n t r i c i t y  r a t i o  An at d i f f e r e n t  speeds versus 
load number, comparing differences of two o i l s  i n  f i g u r e  8. 
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Figure 11.- Method of obtaining f igu re  8 graphica l ly  i n  order t o  base 
curves f o r  non-Newtonian ASP4 104 o i l  on a v i scos i ty  wexPf 
sen ta t ive  of f r i c t i o n  da ta .  Journal  speed, 3,000 r p m .  

repre- 
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Figure 12.- Comparison of viscosity loss from bearing-friction data with 
estimated viscosity loss from high-shear-rate viscometer data in fig- 
ure l(a) based on average rotational shear rate corrected for 
eccentricity-ratio effect. 
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